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Abstract — Bee venom (BV) extraction has become a standardized practice, characterized by being safe, simple,
and causing no harm to bees. Though it demonstrated significant antimicrobial activity, its potential activity
against honey bee pathogens have yet to be investigated. Therefore, we investigated for the first time in a controlled
laboratory setting the effectiveness of BV administration in sugar syrup against Vairimorpha (Nosema) ceranae,
a globally widespread fungal disease of honey bees. To do this, we first determined the BV lethal concentration
(LCs), after which newly emerged bees were inoculated with V. ceranae spores (10%) or/and chronically fed
sugar syrup containing BV at LC,, (0.24 mg/mL) or LC,, (0.34 mg/mL) ad libitum for 12 days. The effects on
bee longevity (time to death) were studied. The intensity of V. ceranae and total hemocyte count (THC) were
also studied 6 and 12 days after infection. The expression of four antimicrobial peptides (AMPs) encoding genes
(defensinl, apismin, hymenopteacin, and PGRPS2) was also measured after 6 days in midgut tissues. We discov-
ered that BV increased bee survival and significantly reduced Vairimorpha intensity. This effect was associated
with an increase in THC as well as the expression of the AMP-encoding genes studied. BV’s effects appeared
to be concentration- and time-dependent, with a more profound decrease in Vairimorpha intensity at day 12,
especially in bees fed BV at LC,,,. These findings highlight BV’s potent immunomodulatory role against fungal
pathogens in honey bees, and its potential role against other bacterial and viral pathogens should be investigated.

bee venom / honey bees / antimicrobial peptides / cellular immunity / antifungal activity / nosemosis

1. INTRODUCTION

The Western honey bee (Apis mellifera L.),
which ranks as the most frequent single crop pol-
linators worldwide, offers highly valued services

Corresponding author: Y. Al Naggar, yehia.clnagar@ for the agriculture sector (Al Naggar et al. 2018;
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jelly, and pollen, as well as beeswax, propolis, and
bee venom (BV). However, the decline in bee popu-
lations, particularly in the USA and Europe, has
raised concern among scientists, governments, and
the general public since 2006 (Lima et al. 2022;
Phiri et al. 2022). A variety of biotic and abiotic
factors have been identified as potential contribu-
tors to the colonies loss (Al Naggar et al. 2022;
Hristov et al. 2020; Insolia et al. 2022; Jaffé et al.
2019; Lima et al. 2022), whereas parasites and
pathogens pose the greatest threat (Al Naggar and
Paxton 2020; Brosi et al. 2017), and finding control
strategies have long been a request from beekeepers
(Dietemann et al. 2012).

Given that host population density shapes para-
site and pathogen spread as well as epidemic size,
it is a major contributor to increased parasite and
pathogen prevalence and incidence in honey bees,
in addition to the high temperature and humidity
levels maintained in a bee nest (Baracchi et al.
2012; Brosi et al. 2017). As a result, honey bees
have developed a number of strategies and adapta-
tions to reduce this risk (Wilson-Rich et al. 2009).
Propolis and gland secretions are examples of
natural antimicrobial substances that honey bee
species collect and use to reduce pathogens risks
(Simone-Finstrom and Spivak 2010; Stow et al.
2007; Zasloff 2002). A significant source of anti-
microbial substances has recently been found in the
venom gland of honey bees and other Hymenoptera
(Kuhn-Nentwig 2003). As a result, some research-
ers hypothesized that BV aids in the development
of social immunity in bees because antimicrobial
venom peptides have been discovered on the cuticle
of adult bees and on comb wax, since the wax comb
can act as a social antiseptic device by substituting
for the “medium” where the venom is deposited
(Baracchi et al. 2011).

BV is a complex mixture of proteins (phos-
pholipase A and hyaluronidase), peptides (melit-
tin and apamin), physiologically active amines
(histamine and dopamine), sugars, phospholip-
ids, and volatile compounds (Wehbe et al. 2019).
The most active compound, with up to 50% dry
weight, is melittin. Its high antibiotic and biolog-
ical activity have been studied for many decades
in human apitherapy (Askari et al. 2021; Duffy
et al. 2020; Rady et al. 2017; Weis et al. 2022).
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Though BV’s antimicrobial activity against bac-
teria, viruses, and fungi has been demonstrated
in vitro and in vivo experiments (reviewed in
El-Seedi et al. 2020), little is known about BV’s
ability to combat honey bee diseases.

Previous research revealed that BV had in vitro
activity against Paenibacillus larvae, the causa-
tive agent of American foulbrood (AFB), one of
the most destructive A. mellifera brood diseases
(Fernandez et al. 2014). Recently, in Varroa
mite-infected colonies, BV and Egyptian propo-
lis extract (EP) were used as supplements in the
nutrition at different concentrations to measure
the colonies’ activities after treatment. Treated
colonies with BV and EP increased the expres-
sion of immune-related genes (defensin, abaecin,
hymenoptaecin, and vitellogenin) and increased
the life span, activities, and density of bee work-
ers (Seyam et al. 2022), implying that BV plays
an important role in promoting bee immunity and
health. As a result, it is critical to investigate the
potential role of BV in protecting honey bees from
viral and fungal diseases.

The immune system in insects is made up of
both cellular and humoral components. Hemocytes
are involved in the cellular component (Vinson
1993), and total hemocyte count (THC) is an indi-
rect measure of basal cellular immunocompetence
because it is involved in processes such as phago-
cytosis and parasite encapsulation, both of which
have been observed in insects against fungal patho-
gens infestation (Hillyer 2016). In the current study,
we investigated for the first time the effectiveness
of BV against Vairiomorpha (Nosema) ceranae,
a globally widespread fungal disease that infects
and multiplies in the midgut epithelia of adult hon-
eybees. The severe infestation has been linked to
shorter forager lifespans and the increase of colony
mortality (El Khoury et al. 2018; Gage et al. 2018;
Higes et al. 2007). To do this, newly emerged bees
were infected with V. ceranae spores and fed sugar
syrup containing BV at LC,, or LC,, levels either
individually or in combination. The effects on sur-
vival, V. ceranae intensity, total hemocyte count
(THC), and expression of some AMP-encoding
genes were studied. We hypothesized that BV
would promote bee immunity and health, thereby
reducing infection intensity.
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2. MATERIALS AND METHODS
2.1. Sources of honey bees and bee venom

Experiments were conducted during
May—August 2022 with A. mellifera workers of
the subspecies Carnica obtained from hives of
the apiary of the experimental farm, city of sci-
entific research and technological applications
(SRTA-city) (New Borg El Arab, Alex., Egypt).
Colonies had no visible honey bee diseases, suf-
ficient bee bread and honey stores, and a large
number of nurses and honey bee workers, with
each colony consisting of eight bee-covered
combs, including two to three brood combs. The
honey bee venom (BV) used in this study (1 g)
was obtained from a private beekeeper in Egypt’s
Al Gharbia governorate through an electro-stim-
ulated extraction as described in the standard
methods for Apis mellifera venom research (de
Graaf et al. 2021) and dissolved in 100 ml of
distilled water and stored at—20 °C for short-
term (up to 6 months) or lyophilized at— 80 °C
for extended storage for more than 1 year (de
Graaf et al. 2021).

2.2. Determination of LCs, of BV and
the used concentrations

Sealed brood frames from three different
colonies have been selected and transferred
to carton boxes and kept at room tempera-
ture (31-33 °C, 60+ 10% Rh.). The next day,
newly emerging bees < 24-h old were collected
for use in the experiments. Six serially diluted
concentrations (10 X) of BV were prepared in
50% (w/v) sugar solution (0.0001-10 mg/ml)
were tested against honey bee workers to deter-
mine the limit range of toxicity. Then, another
range of five serially diluted concentrations
were used (0.1, 0.3, 0.6, 0.9, and 1.2 mg/ml)
to determine the median lethal concentration
(LCs() of BV. Dimethoate insecticide was used
as a positive control insecticide at the recom-
mended concentration 1.5 pug/ml to verify the
exposure conditions. Adult workers were trans-
ferred to ventilated wooden cages (9.5 x4 X 7.5
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cm), with 15 bees per cage and three cages per
concentration. Bees were deprived of food for
2 h prior to exposures, and thereafter sucrose
solution spiked with BV at the desired concen-
tration or control sucrose solution. Access to
sucrose solution was through a 15-mL falcon
tube placed at the top of each cage. Mortal-
ity was recorded after 72 h, and LCs,, LC,,,
and LCs,, for BV was then calculated using the
LdP LineR program using the log-probit model
(Ehabsoft, http://www.ehabsoft.com/ldpline).

2.3. Vairimorpha (Nosema)
spores preparation

Vairimorpha spores were obtained from
highly infected colonies, as previously
described (Fries et al. 2013). Vairimorpha
ceranae spores used in bioassays were first
propagated in the laboratory through mass
feeding of caged honey bees with V. ceranae
spores originating from infected bees collected
from the apiary of the experimental farm, city
of scientific research and technological appli-
cations (SRTA-city) (New Borg El Arab, Alex.,
Egypt). Inocula were prepared freshly on the
day of experimental bee infection by crushing
the ventriculus of infected honey bees in dis-
tilled water and purifying using Percoll® fol-
lowing standard procedures (Fries et al. 2013).
Spore numbers were counted with a Neubauer
improved hemocytometer (LO-Laboroptik Ltd,
Lancing, UK) under a light microscope (x 400)
and diluted to obtain the required concentra-
tion (10* per uL) in 50% (w/v) sucrose solution.
For the control treatment, an extract from the
ventriculus of uninfected caged honey bees was
obtained as above.

2.4. Honey bee exposure to BV and
Vairimorpha (Nosema) ceranae

BVI (LC,y: 0.24 mg/mL) or BV2 (LC,: 0.34
mg/mL) was tested against V. ceranae. Frames of
honey bee brood ready to emerge were collected
from three V. ceranae-free colonies and kept
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overnight in carton boxes at room temperature
(31-33 °C, 60+ 10% Rh.). Freshly emerged honey
bee workers were exposed to BV1 or BV2 either
individually or combined with infection with 10°
spore of V. ceranae. The number of spores used
to infect bees (10° per bee) was chosen to ensure
infection of every individual (Forsgren and Fries
2010; Mura et al. 2020). To do this, we starved bees
for 2 h and then hand fed bees with 10-ul inocu-
lum containing either 10° Vairimorpha spores (V.
ceranae, BV1+ V. ceranae, and BV2+ V. ceranae)
or gut homogenate free of Vairimorpha spores
(Control, BV1, and BV2). As a result, bees were
randomly assigned to one of six treatment groups:
control, BV1, BV2, V. ceranae, BV1+V. cera-
nae, and BV2+ V. ceranae, with 30 bees per cage
and three cages per treatment. Cages were kept at
room temperature (31-33 °C, 60+ 10% Rh.) and
provided with sugar water ad libitum (control and
Vairimorphay), or sugar water containing BV1 (BV1
and BV1+ V. ceranae) or BV2 (BV2 and BV2+ V.
ceranae) for 12 days. After the spores were puri-
fied, it took approximately 4 h to prepare the treat-
ments and administer them to the bees. Dead bees
were recorded and removed daily till the death of
all bees in experimental groups. At days 6 and 12
post treatment, four surviving bees from each cage
(12 bees per treatment) were collected to quantify
Vairimorpha infection intensity and to investigate
effects on total hemocyte count and expression of
immune-related genes, as described below.

2.5. Quantification of Vairimorpha
(Nosema) intensity in infected bees

We counted the number of Vairimorpha
spores in the midguts of bees using six randomly
selected workers per treatment at 6 and 12 days
after treatment. To do this, we dissected their
midguts into a single-Eppendorf tube containing
1 mL of deionized water as previously described
(Fries et al. 2013). Then, using a Neubauer-
improved hemocytometer (LO-Laboroptik Ltd,
Lancing, UK) and a light microscope (400), we
quantified the number of spores in a 10-uL sub-
sample. The total number of spores per sample
was then calculated.

INRAZ $D|B @ Springer
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2.6. Total hemocyte count

Total hemocyte counts (THC) were performed
using the same bees used for Vairimorpha spore
counts (THC). THC was performed as described
by Jones (1962) and Tauber and Yeager (1935).
Total hemocytes were counted with improved
Neubauer hemocytometer. One microliter of
hemolymph per bee was drawn from the bee
thorax into Thoma white blood cell diluting
pipette up to 0.5 mark and then diluted 20 times
with Toissin’s solution (1 g NaCl, 8 g Na,SO,,
30 mL neutral glycerine, 0.025 g methyl violet,
and 160-mL distilled water) up to mark II. After
discarding a few drops, one drop was placed near
the edge of cover slip of Neubauer ruling and
counting chamber automatically filled by capil-
lary action. Four white-cell squares from both
upper and lower chambers were counted. Total
hemocytes per cubic millimeter were calculated
by using formula suggested by Jones (1962).

2.7. Gene expression of immune-related genes

We used real-time quantitative PCR (RT-
gPCR) to measure for any effects of BV and/or
V. ceranae exposure on the expression of four key
immune genes that have been used for compara-
ble studies in the past (Aufauvre et al. 2014; Hu
et al. 2017). These genes, which are all part of the
toll/antimicrobial peptide or the Imd pathway and
have been implicated in insect immune responses,
include defensinl, apismin, hymenopteacin, and
PGRPS2 (Al Naggar and Baer 2019; Evans et al.
2006; Yang and Cox-Foster 2005). The sequences
of these primers are shown in (Table I).

Total RNA was isolated from alimentary canals
(midgut) of worker bees by use of an RNA extrac-
tion kit (Thermo scientific) according to the manu-
facturer’s protocol. Concentrations of RNA were
determined by use of a Nanodrop ND-1000 spec-
trometer (Nanodrop Technologies, Wilmington, DE).
The RNA samples were quantified in a single-step
assay after the normalization of certain concentra-
tions using 2X SYBER Green qRT-PCR Master Mix
kit (Applied Biotechnology, Egypt). B-actin was used
as a reference or housekeeping gene for normalizing
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Table I Primer sequences used for the quantification of abundances of transcripts in honeybees (Apis mellifera)

Gene name Sequence 5'-3'

Reference

Peptidoglycan-recognition protein F: 5" TAATTCATCATTCGGCGACA-3'
R: 5“TGTTTGTCCCATCCTCTTCC-3'
F: 5“-TGCGCTGCTAACTGTCTCAG-3'

(PGRPS2)

Defensin-1

(Hu et al. 2017)

(Hu et al. 2017)

R: 5-AATGGCACTTAACCGAAACG-3'

Hymenopteacin

F: 5'-CTCTTCTGTGCCGTTGCATA-3’

(Hu et al. 2017)

R: 5-CGTCTCCTGTCATTCCATT-3'

Apismin

F: 5" TGAGCAAAATCGTTGCTGTC-3'

(Hu et al. 2017)

R: 5-AACGACATCCACGTTCGATT-3'

p-actin (host reference)

F: 5-ATGCCAACACTGTCCTTTCTGG-3'
R: 5-GACCCACCAATCCATACGGA-3'

(Aufauvre et al.
2014)

RNA levels of the target genes. Amplification reac-
tions were performed as described in details (Elko-
brosy et al. 2022). In brief, a Thermo Rotor-Gene
Q 560-system (Qiagen, Germany), and 1.5 uL (0.1
mM) of each primer (forward and reverse) (Metabion
International AG, Germany), 1 uL (10 ng) template
RNA, 8.5-uL distilled sterile water, and 12.5-uLL
gPCR SYBER Green Master Mix (2X) (Applied
Biotechnology, Egypt) were added to make a final
volume of 25 pl. Amplification reactions were per-
formed in a 36-well Thermo Rotor-Gene Q qRT-
PCR system. The manufacturer’s recommended
universal thermal protocol used includes 3-min acti-
vation of thermo-start at 95 °C followed by 15 s at
95 °C for initial template denaturation, 45 cycles of
60 °C for 30 s each, 30 s at 55 °C of annealing and
extension phase of 72 °C for 30 s. Three compos-
ite samples (n=3) from each treatment were used
in total for the qPCR experiment, which was only
done on day 6. Fold changes of genes of interest were
analyzed by use of the 2722T method (Livak and
Schmittgen 2001).

2.8. Statistical analysis

All statistical analyses and data visualizations
were performed in GraphPad Prism 8.0 (Graph-
Pad Software, La Jolla California USA, www.
graphpad.com). Normality of data was assessed
by use of the Kolomogrov-Smirnov test, and
homogeneity of variance was assessed by use of

Levene’s test. To meet normality assumptions,
gene expression data were log-transformed.
Right-censored samples (bees removed on day 6)
were recorded in the dataset and incorporated in
the Kaplan—Meier log-rank paired tests to com-
pare survival between treatments. Differences in
Vairimorpha spore count among treatments were
done using Student’s #-tests. Differences in total
hemocyte count and gene expression abundances
of genes involved in immunity were assessed
using one-way ANOVA followed by Tukey’s
post hoc test, P <0.05, respectively. For all tests,
an alpha level of 0.05 was used.

3. RESULTS
3.1. Determination of BV LC;,

The acute oral toxicity of BV to newly
emerged workers after 72 h of exposure revealed
aBV LC,,of 0.24 mg/mL, LC,, of 0.34 mg/mL,
and LCs, of 0.66 mg/mL with lower and upper
limits of 0.16-0.31, 0.25-0.41, and 0.56-0.77,
respectively (Figure S1).

3.2. Effects on survival

We found a significant reduction in sur-
vival of bees infected with Vairimorpha spores

INRAZ $D|B @Springer
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compared to control and bees fed BV at LC,,
or LC,, (log-rank (Mantel-Cox) Test, p <0.05;
after Bonferroni correction (Figure 1)), while we
found a significant increase in survival of bees
infected with Vairimorpha and fed BV at LC,,
or LC,, compared to Vairimorpha-infected bees
(log-rank (Mantel-Cox) test, p <0.05; after Bon-
ferroni correction (Figure 1)), implying that BV
had the ability to reduce Vairimorpha virulence
in honey bees. There was no significant differ-
ence in survival of bees chronically fed sugar
syrup containing BV1 or BV2 for 12 days com-
pared to controls (p > 0.05).

3.3. Effects on Vairimorpha
(Nosema) infection

When we compared the infection intensity in
bees infected with Vairimorpha and fed sugar syrup

S. H. Mahmoud et al.

containing BV1 or BV2 at 6-, and 12-day post-
infection to bees infected with Vairimorpha only,
we found a significant reduction (Student’s #-test,
p<0.01) in Vairimorpha intensity in both timelines,
with more profound decrease at day 12, especially in
bees fed BV2 (LC,,) (Figure 2), demonstrating BV’s
potent antifungal activity against Vairimorpha. As
expected, non-infected groups (control and BV-fed
bees) were free of Vairimorpha infections.

3.4. Effects on total hemocytes count

We found a significant increase in THC in
bees fed sugar syrup spiked with BV1 (LC,,)
only after 12 days of exposure compared to
control bees, while bees fed BV2 at LC,, had
a significant increase (p <0.05) in THC at
6 and 12 days of exposure compared to con-
trol (Figure 3). This trend was reversed in

(a) BV1 (LC1o)
w 1.0 a == Control
% 08 b == V. ceranae
a a == BV1
-
; 0.6 a == V. ceranae + BV1
T 047
©
2
o 0.2
o
0.0

0
= a == Control
% b == V. ceranae
a a == BV2
-
° a == V. ceranae + BV2
£
z
©
Q2
[
o

Days post infection

Figure 1. The Kaplan—Meier survival curves in days post-infection of the impact of the gut parasite Nosema cera-
nae and honey bee venom (BV), alone and in combination on adult honey bees. Bees (n=30 bees per cage, n=3
cages per treatment) were fed 10 ul sugar syrup containing 10° Vairiomorpha (Nosema) ceranae spores and then fed
sugar syrup containing BV1 (LC,,: 0.24 mg/mL) (a) or BV2 (LC,y: 0.34 mg/mL) (b), or a control solution. Vairi-
omorpha spores were inoculated once at day 0, while BV was fed ad libitum for only 12 days (vertical dashed line).
Different lowercase letters indicate statistical differences between treatments after Bonferroni correction (log-rank

(Mantel cox) paired test, p <0.008).

INRAZ ©DIB &) Springer



Honey bee venom promotes the immune system... Page 7of 15 8

(@) BV1 (LC,4p)
3x106— %k %k %k
B Day6
% Bl Day12
25 2x10°
=K%
3+ * %
o €
(5]
S 2 1x106- |
9 E
(/2]
o_
2 N 2 N
N4 > 4 >
@ x @ x
A-(’Q’ & A‘cP 2
0‘2’@(\ oe@(\
NE N
(b) BV2 (LCy)
% %k %
3x106- [
Bl Day6
‘78 . B Day12
9 E %106 %k ok
‘__&; 7]
H
S &
9 o 6
= £ 1%10
Q_ N
(%)
o_
] Vv @ %
2 N\ & A
@Q 2 @(\ 2
® & ? &
N NN
@ ®?
N} N

Figure 2. Vairiomorpha (Nosema) ceranae infection intensities (mean + SEM, n=6) between treatments at 6- and
12-day post-infection. Bees (n=30 bees per cage, n=3 cages per treatment) were fed 10 pl sugar syrup contain-
ing 10° Vairiomorpha (Nosema) ceranae spores and then fed sugar syrup containing BV1 (LC,: 0.24 mg/mL) (a)
or BV2 (LC,: 0.34 mg/mL) (b), or a control solution. Vairiomorpha spores were inoculated once at day 0, while
BV was fed ad libitum for 12 days. The asterisk indicates a significant decrease in spore count treatments at 6- and
12-day post infection (Student’s #-test, **p <0.01, and ***p <0.001).
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Figure 3. Total hemocytes count (THC) (n=06) in different treatments at 6- and 12-day post-infection. Bees (n=30
bees per cage, n=3 cages per treatment) were fed 10-ul sugar syrup containing 10° Vairiomorpha (Nosema) ceranae
and then fed sugar syrup containing BV1 (LC,,: 0.24 mg/mL) (a, ¢) or BV2 (LC,: 0.34 mg/mL) (b, d), or a control
solution. Vairiomorpha spores were inoculated once at day 0, while BV was fed ad libitum for 12 days. Symbols on
the box plot represent the maximum and minimum values (whiskers: J-) and mean values (-). Different lowercase
letters indicate statistical differences between treatments (one-way analysis of variance (ANOVA) with Tukey’s post-

hoc test, p <0.05).

Vairimorpha-infected bees, where we found a
significant decrease (p <0.05) in THC when
compared to control and BV-fed bees at the
same time points. There was a significant
increase (p <0.05) in THC in Vairimorpha-
infected bees fed BV1 or BV2 at 6- and 12-day
post-infection when compared to Vairimorpha-
infected bees only, implying that BV promotes
host defense against Vairimorpha infection
(Figure 3). It is worth noting that bees fed BV1
or BV2 had the highest THC levels (p <0.05)
compared to all other groups, but only after

INRAZ ©DIB &) Springer

12 days of exposure, indicating the effect of
chronic BV exposure on THC in honey bees.

3.5. Effects on gene expression of
immune-related genes

When we compared the expression levels of the
four immunity-related genes investigated, defen-
sin-1, apismin, hymenoptaecin, and PGRPS2, only
apismin and hymenoptaecin were significantly
downregulated (p <0.05) in Vairimorpha-infected
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bees 6 days post-infection compared to control
(Figure 4c—f), while we found a significant increase
(p<0.05) in the relative expression of all genes in
double treatment group (Vairimorpha+BV1 or
BV?2) compared to control or Vairimorpha-infected
or BV-fed bees (Figure 4). Furthermore, the fold
change in abundance of transcripts of the four genes
in the double treatment group was found to be BV
concentration dependent, with higher expression in
Vairimorpha-infected bees fed BV2 at LC,, than
BV1 at LC,,. For example, the average fold change
in expression of defensin-1 and PGRPS?2 in Vairi-
morpha+BV2 fed at LC,, bees was 267 and 149,
respectively compared to a 110- and 58-fold change
in Vairimorpha+BV1 fed at LC,, bees (Figure 4a,
b). Also, there was a consistent increase in fold
change of expression of all genes in bees fed BV2
at LC,, versus those fed BV1 at LC,. Beta-actin
threshold cycles (Ct) do not significantly differ
among the groups (Figure S2).

4. DISCUSSION

The current study aimed to explore the effi-
cacy of BV against a global fungal disease, Vai-
rimorpha ceranae, that has detrimental effects
on bee health and causes high mortality levels.
The findings support our hypothesis that BV pro-
moted bee immunity and health while decreasing
infection severity, as seen by increased bee sur-
vival rates and a significant decrease in parasite
intensity. This effect was linked to an increase in
THC as well as the expression of some genes that
encode for AMPs.

The first step in investigating the potential
role of BV against honey bee diseases was to
ensure its safety to bee health. In the current
study, we found that exposing newly emerged
bees to BV at LC,;, or LC, for 12 days had no
effect on honey bee survival when compared
to control bees. Additionally, we found a sig-
nificant increase in survival of bees with Vai-
rimorpha infection and fed BV at LC,, or LC,,,
which were similar to control and BV-fed bees
compared to bees with Vairimorpha infection,
demonstrating the ability of BV to modulate the
parasite virulence. Our findings are consistent

Page9of 15 8

with previous research that found no adverse
effect on bee survival after 6 days of oral expo-
sure to comparable BV concentrations (100, 500,
and 1,000 pg/mL) (Fernandez et al. 2014). Fur-
thermore, our findings are also consistent with a
recent study that found that applying BV at the
colony level at similar concentrations was not
only safe for colony survival but also resulted
in an increase in brood size (Seyam et al. 2022).

The antimicrobial action of BV has been
shown in vitro and in vivo experiments against
bacteria, viruses, and fungi (El-Seedi et al.
2020; Maitip et al. 2021; Sameh et al. 2023). In
addition, the application of venom to the body
surface of honey bees (Baracchi and Turillazzi
2010), as well as ants (Obin and Vander Meer
1985; Orivel et al. 2001) and wasps (Turillazzi
et al. 2006) has been proposed as a means of
pathogen protection. Our findings supported this
hypothesis because we found a significant reduc-
tion in V. ceranae intensity in bees fed BV at
LC,, or LC,, with a more profound decrease at
day 12 than day 6, especially in bees fed BV at
LC,, compared to bees infected but not fed BV,
which could explain the earlier survival results.
These findings are consistent with previous
research, which reported a decrease in Nosema
apis spores and Varroa mites after spraying or
feeding BV to infected colonies (Naglaa et al.
2020). Furthermore, BV has been reported to be
an effective agent against dermatophytes caused
by Trichophyton mentagrophytes and Tricho-
phyton rubrum fungus (Yu et al. 2012). The
antifungal activity of BV may be attributed to
melittin, which induces reactive oxygen species
resulting in the antifungal effect (Park and Lee
2010; Yu et al. 2012). Other components, such
as phospholipase A2 and hyaluronidase, promote
cell membrane and capillary membrane perme-
ability and are suggested to achieve the entire
antifungal action (Eiseman et al. 1982; Son et al.
2007). Raw or whole BV outperformed its pri-
mary components melittin or apamin in a dose
and time-dependent manner when testing its anti-
fungal activity (Park et al. 2018).

Hemocytes are the cellular arm of the insect’s
innate immune response. They are also in charge
of coordinating specialized insect humoral
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Figure 4. Fold change in gene expression abundances of some antimicrobial peptides genes (AMPs) involved in
immunity (mean+SEM, n=6) in midgut tissues of adult honey bee workers in different treatments at 6 days post-
infection. Bees (n=30 bees per cage, n=3 cages per treatment) were fed 10-ul sugar syrup containing 10° Vairi-
omorpha (Nosema) ceranae spores and then fed sugar syrup containing BV1 (LC,,: 0.24 mg/mL) (a, ¢, e, g) or BV2
(LCy: 0.34 mg/mL) (b, d, £, h), or a control solution. Vairiomorpha spores were inoculated once at day 0, while BV
was fed ad libitum for 12 days. Different lowercase letters indicate statistical differences between treatments (one-
way analysis of variance (ANOVA) with Tukey’s post-hoc test, p <0.05).
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responses during infection, such as the gen-
eration of AMPs and other effector chemicals
(Strand 2008; Nehme et al. 2011; Fauvarque
and Williams 2011). Previous research has
reported a decrease in hemocytes count in the
dampwood termite, Zootermopsis angusticol-
lis in response to the entomopathogenic fungus
Metarhizium anisopliae (Avulova and Rosengaus
2011) as well as in in the stingless bee Melipona
colimana and Africanized honey bees after V.
ceranae infection (Macias-Macias et al. 2020;
De la Mora et al. 2023). In the current inves-
tigation, we similarly found a significant drop
in THC in Vairimorpha-infected bees; however,
this trend was reversed in Vairimorpha-infected
bees fed BV at LC,, or LC, at 6- and 12-day
post-infection as compared to Vairimorpha-
infected bees alone, indicating that BV boosts
bee immune system against Vairimorpha infec-
tion by increasing THC because hemocytes are
actively involved in the production of a variety
of AMPs and proteins that are released into the
hemolymph in response to microbial invasion
or integument damage (Hillyer 2016). These
results support the substantial decrease in Vai-
rimorpha intensity in Vairimorpha-fed BV bees
that we found. It is also interesting to note that
THC levels in BV-fed bees increased noticeably
in comparison to control, Vairimorpha-infected
bees that were either fed BV or both. This result
emphasizes how important BV is for strength-
ening the bee immune system, as other studies
have shown that insects exposed to pesticides
and heavy metals experienced a notable decrease
in THC levels (KURT and KAYIS 2015; Akman
Giindiiz 2020).

Pathogens have evolved strategies to increase
their chances of survival by drastically alter-
ing the transcriptional profile and protein con-
tent of host cells (Finlay and McFadden 2006;
Silmon de Monerri and Kim 2014). In the cur-
rent study, we found a significant increase in the
relative expression of the four AMP-encoding
genes: defensin-1, apismin, hymenoptaecin, and
PGRPS2 in Vairimorpha fed BV at LC, or LC,,
bees compared to control, Vairimorpha -infected,
or BV-fed bees. Furthermore, the fold change in
gene expression abundance of the four genes
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was found to be BV concentration-dependent.
These findings are consistent with previous
research, which reported a decrease in expres-
sion of these genes in Vairimorpha-infected bees
(Antinez et al. 2009; Chaimanee et al. 2012)
while increasing in BV-treated honey bee colo-
nies (Seyam et al. 2022). The higher expression
of AMP-encoding genes in Vairimorpha fed BV
bees in the current study and in BV-fed bees in
previous research may be explained by the bee
venom enrichment in biochemicals ranging
from small peptides and enzymes to biogenic
amines (Hossen et al. 2016). By raising THC and
AMPs, BV therefore helps triggering cellular and
humoral immune responses (Dimopoulos 2003).

Recently, ten BV peptide-encoding genes
(apamin, serine protease 53, Pla2-like, Pla2,
secapin, venom allergen Api m 6, Melt, Mcdp,
phospholipase A1 member A, transcript vari-
ant X3) were found to be differentially down-
regulated in bees inoculated with black queen
cell virus (BQCV) and sacbrood virus (SBV)
(Al Naggar et al. 2023). As a result, one might
speculate that BV treatment could modulate the
expression of these BV peptide-encoding genes,
reducing virus virulence. Future research will be
necessary to validate this assumption and dem-
onstrate the potential antiviral activity of BV
against honey bee viral pathogens.

5. CONCLUSION

We present the first evidence of BV activity
against the honey bee gut parasite V. ceranae under
controlled laboratory conditions. BV-dietary feed-
ing significantly reduced Vairimorpha intensity
and increased bee survival. An increase in THC as
well as the expression of AMP-encoding genes was
both linked to BV activity. These findings highlight
BV’s potent immunomodulatory role against one of
the fungal pathogens in honey bees (V. ceranae),
and its potential role against other fungal, bacterial,
and viral pathogens should be investigated.
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